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Abstract 
The term "Solid State Ionics" means a field involving the study 
of the phenomena of ions in solids, especially solids which exhibit 
high ionic or ionic-electronic mixed conductivities at fairly low 
temperatures. In the recent years there has been a renewed interest in 
the study of ionic charge transport (or conductivity) in solids, which 
is not only from the need to develop advanced technologies but also 
from the challenging physics involved, especially in the case of fast 
ion or superionic conductors. Even after so many years of discovery 
of this phenomenon-, the research continues to arouse the interest of 
the scientists all over the world. However, a complete understanding 
of the phenomena, their particular features and the microscopic 
mechanism are not yet fully understood. 
Solid state fast ion conductors are characterized by very high 
ionic conductivity, either anionic or cationic relative to the ionic 
conductivity of most crystalline solids. This fast-ion conductivity in 
solids is considered a paradigm for a structure property relation 
where the charge carrier mobility is linked to a set of energetically 
favourable sites in the structure that are not normally occupied. 
While the structural framework of the solid involving coordination 
geometry/number, face sharing sites, "free volume", bottleneck size 
and lattice disorder is paramount in ion mobility, there are non-
structural factors that can also contribute significantly to ion 
I I 
mobility such as activated mobile ion concentration, ion-ion 
interaction or bonding characteristics, vibrational amplitudes of 
neighbouring ions, lattice compressibility/or resiliency, ion size, 
polarizability of the oppositely charged ion. the electron 
configuration of the mobile ion and rotational motion/frequency of 
complex ions. One of the more promising avenues to explore the 
relationship between ion conductivity and these factors is. via solid 
phase transitions where the high temperature phase is usually 
accompanied by a significant jump in conductivity. Thus, it was 
thought worthwhile to study the contributions by these factors to 
lockin or preserve the high conductivity phase or to synthesize and 
characterize solids with high conductivity properties with the aim of 
incorporating these compounds for use in electrochemical devices. 
Thus, it was planned to study the effect of anionic and cationic 
substitution on the electrical conductivities of some ternary 
superionic solids. Here the isovalent guest ions of different radii are 
incorporated in to the host lattices of the known solids to improve 
the ion transport efficiency. 
The First Chapter provides a general introduction to the 
superionic solids with special emphasis to the materials, their ion 
conduction mechanisms, phase transitions and the lattice defects, 
which makes them a special group of materials, are discussed in 
detail together, with some recent developments in the solid state 
chemsitry. 
I l l 
In Chapter-2 the studies were carried out on fast cation 
conductivity with a more detailed probing of the effects of ionic 
radius, lattice free volume and the possible interplay of these factors 
on cation conductivity using isovalent guest ions. Here we visualize 
the effect of a large radius isovalent anion Hgl^^ on the Ag^ ion 
conductivity of Ag2MoO^. This effect is discussed in terms of lattice 
expansion caused by the incorporation of a bigger ion into the host 
lattice, which in turn fascilitate an increase in conductivity. This 
increase in conductivity was found to be maximum in 30 mol% 
Ag.Hgl^ substituted Ag^MoO^. However, the phase transition 
characteristic of the guest ion was not of any significance for the 
best conducting composition i.e. 30 mol% Hgl^' doped Ag^MoO^. 
Due to the substitution of larger radius Hgl^ -^  units into the host 
lattice, a mixed anion effect was observed. 
Inorder to probe the effect of cationic substitution on the 
electrical conductivity it was found noteworthy to select a small 
radius cation as Na* ion, for incorporation into the host lattice of 
Ag^Hglj which was guest in the earlier case. It was observed that 
among various dopant concentrations, sample with 12 mol% Na* ion 
doped AgjHgl^ shows the maximum conductivity, with a clear 
demarcation of two apparent conduction regimes in the conductivity 
plots. The enhancement in conductivity is attributed to the 
introduction of smaller radius Na* ions into the host lattice, which 
are considered to be better mobile ions and thus count for an increase 
in conductivity. 
IV 
Chapter-3 presents the studies on the ion conduction in the 
Ag.MoO^-AgjWO^ system. Here a small sized MoO^' anion is 
introduced into the host lattice of Ag^WO^ with the intention to 
enhance the conductivity of host compound, Ag^WO^. As expected 
there was an appreciable increase in conductivity on substitution of 
MoO^' ions. This increase in conductivity was found to be maximum 
in 10 mol% MoO^^" substituted Ag2W0^. The increase in conductivity 
was discussed interms of extra "free volume" generated by the 
substitution of a small size anion which makes The cationic 
conductivity to increase. Here also a positive mixed anion effect 
contribute to the increased conductivity. 
The transport properties of the mixed system CuI-Ag,WO_, are 
presented in Chapter-4. It was observed that the mixed system has 
transport properties similar to fast ion conductors. The fast ion 
conductivity is the result of the formation of a new phase in addition 
to the products of the Agl reaction. This new phase formation was 
found to be complete with 20 mol% Cul : 80 mol^r Ag.WO^ 
composition. 
Chapter-5 reports the investigations on the fast ion transport 
in another mixed system CuI-Ag^MoO^ system with the aim of 
finding the best fast ion conducting composition with the help of X-
ray diffraction and electrical conductivity techniques. These studies 
have revealed the formation of new susbtances having phase 
transition temperatures similar to that of Agl. Also the 50 mol% Cul 
: 50 11101% Ag.MoO^ composition was identified as the best 
conducting composition. 
Therefore, these studies highlight the role of ionic radii on the 
conductivity, together with the formation of fast ion conduction 
(FIC) phases. 
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CHAPTER - 1 
General Introduction 
Solid state Chemistry has been a growing field of research, 
primarily due to the huge excitement generated by the discovery of 
new materials. Research in this field has been a focus for the 
synthesis of new compounds, not only in hopes of discovering new 
phenomena or enhanced properties, but also to understand the 
complexities of the myriad of possible bonding arrangements that 
can occur with the elements of the periodic table. Since the 
relationship between structure and properties has been a central 
theme of condensed matter science, it is cleai that the discovery of 
new phenomena and of improved properties will depend specially on 
the discovery of new compounds and in modifying those compounds 
in deliberate ways. However, it is surprising to many that the 
discovery of new solid state compounds, especially those with novel 
structure types, is largely an empirical or "Edisonian" process. 
While some predictive understanding of possible new 
structures has developed in a few restricted areas of solid state 
chemistry, such as in silicate and in zeolite compounds [1], 
prediction of the stoichiometry and structure of new compounds in 
the general case is presently impossible, atleast on a useful time 
scale. This makes solid state chemistry a subject rich in possibilities 
for advancing the art of synthesis and rich in challenges for 
developing the necessary understanding to build a "rational 
synthesis" approach to the design and production of new compounds. 
Increasing recognization of solid state synthesis is evidenced by the 
publication of seveial articles [2-6] in recent years. 
The solid state ionics phenomenon is a most promising key 
technology which will have a tremendous impact on many aspects of 
our life, environment and economy. Fast solid ionic conductors are 
presently providing new opportunities in view of several advantages 
in addition to conventional liquid electrolytes. Most of the solid state 
devices developed in the past three decades are based on the motions 
of electrons. Ionic solids have received very little attention in the 
past because of the non availability of solids with high ionic 
conductivity at room temperature. However, in 1967. the situation 
suddenly changed with the discovery of fast sodium-ion conduction 
in P-alumina [7] and silver ion conduction in RbAg^I. [8]. Solids 
with exceptionally high ionic conductivity in the range of 
0.01-lOohm' cm' , are termed as super ionic conductors or solid 
electrolytes. This class of materials is extra-ordinarily diverse and 
includes simple inorganic compounds (such as PbF, and Agl) and 
organic polymers (such as polyethylene oxide (PEO)) doped with 
metal salts [9]. They have attracted considerable attention 
particularly during the last 20 years and the current abiding interest 
in solid electrolytes as demonstrated by the large number of books 
and reviews [10-15] is mainly a result of the potential applications 
of these materials in ion-selective electrodes, capacitors, gas sensors, 
electro-chromic display devices, high temperature heating elements, 
intercalation electrodes etc. 
1.1 SUPERIONIC CONDUCTING MATERIALS : 
Superionic conducting solids are the ionic solids with 
extraordinaiily high ionic conductivity, wherein the potential charge 
carriers are ions. The values of electrical conductivity of a few ionic 
and superionic solids are shown in Fig. 1.1. Some important classes 
of superionic conducting solids are briefly summarized : 
(a) Solids with Phase Transition 
Some of the ionic conductors attain a high electrical 
conductivity only above a certain temperature. Those compounds for 
which the high temperature phase shows fast-ion behaviour were 
included in this class. The transition may be of the first order as in 
Agl or diffuse (Bredig transition) as in all fluorite structure materials 
[16]. The transition results in the generation of anion Frenkel 
disorder and it appears that both vacancies and interstitials are 
mobile in the superionic phase. More recently, the occurence of 
Bredig transition has been clearly demonstrated in UO, [17]. 
(b) Layer and Tunnel Structured Compounds 
For this class of compounds, ion transport is confined to two 
or one dimensions, respectively. The P-A1,0, in which the mobile 
cations are located in conduction planes beween the spinel structured 
alumina block is a good example [18]. Despite the fact that P-A1,0, 
is probably the most widely studied fast-ion conductor, knowledge of 
the basic migration mechanism is still uncertain. The stoichiometric 
3S*/. H2S04(oqftoln) 
Fig. 1.1 : A plot of electrical conductivity versus 
temperature of some ionic and superionic solids. 
material has the composition Na^OuAI^O, and has a structure, in 
which spinel structured alumina layers 'Sandwich' the conduction 
planes where the mobile Na^ ions and the bridging oxygen ions are 
located. The structure of P-AljOj is shown in Fig. 1.2 Wang et al. 
\izs proposed a widely accepted model of migration mechanism [19]. 
They suggested that excess Na* occupies a split interstitial 
configuration in which two Na^ ions occupy mid-oxygen positions. 
Migration involves a saddle point where the migrating ion occupies a 
normal vacant site. The calculations of Wang et al. gave activation 
energies for migration that agreed well with experimental data. The 
widely studied NASICON compounds, which has the composition 
Na,Zr,PSi,0,2 provides an example of a three dimensional tunnel 
structure [20, 21]. 
(c) Heavily Doped and Massively Disordered Solids 
Fluorite structured compounds can be doped with both low and 
high valence ions to create high concentrations of mobile defects. 
Yttrium doped CeO, is a good example for low valence ion doping. 
Here, the mobile defects are oxygen vacancies compensating for the 
Y'"^  cation substitutionals [22]. The rare-earth doping of CaF, 
provides an example of the latter where the substitutional rare-earth 
atom has excess positive charge and is compensated by anion 
interstitials. Both anion vacancies and interstitials are mobile species 
for the fluorite structure [23]. But the low-valence doped materials 
have received greater attention as ionic conductors because of the 
Mirror 
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Fig. 1.2 : The structure of p-alumina. 
higher mobility with vacancy activation energies being typically 0.5 
eV. The most important factor limiting the magnitude of the 
conductivity in this class of compounds is the nature of the dopant-
defect interactions. In anion excess sytems, a fascinating range of 
cluster structures, have been elucidated [24-26]. A subtly different 
example is provided by RbBiF^, where the presence of the two types 
of cations results in the ready creation of anion Frenkel defects [27]. 
{d) Proton Conductors 
The materials with high proton mobilities are included in a 
separate class, owing to their distinctive transport mechanism. Proton 
conductors can be usefully classified into hydrated materials and 
hydroxy oxides. Hydrogen uranyl phosphate (HUO,P0^.4H-,0) is one 
the best example of the hydrated proton conductors [28]. The 
structure comprises layers of uranyl and phosphate ions separated by 
layers of hydrogen bonded water molecules. The structures of 
deuteriated samples of this material have been studied in detail by 
Fitch and co-workers [29-31]. They found that the water molecules 
are grouped into square planar arrangements, held together by 
hydrogen bonding. Water molecules in different layers are also 
bridged by hydrogen bonds which reveal the presence of H^O,"^ . The 
mechanisms proposed by Fitch et al. have been challenged with 
alternative models being proposed which are based on H,0* 
migration and surface transport [32, 33]. 
One of the examples of the second class of proton conductors 
is Yb doped SrCeO, [34], which has a distorted perovoskite structure. 
Yb dissolves into the lattice substituting for a cation and 
compensates for oxygen vacancies. Many perovoskite structured 
oxides can act as proton conductors with appreciable oxygen vacancy 
concentrations introduced by doping. 
(e) Amorphous and Polymer-ion Conductor 
Current studies are increasingly focussing on non-crystalline 
ion conductors which offer distinct advantages to materials 
fabrication. Amorphous ionic conductors are not new materials. Ionic 
conductivity in silicate glasses has been extensively studied for 
several decades [35]. Recent work on conducting glasses has been 
concentrated on borate materials like (Li,0)j^B,0, which has high 
cation conductivity. In a review by Tuller [36] it has been given a 
wide range of data on the variation of the conductivity with cation 
concentration and temperature. 
Ion conducting polymers are prepared by dissolving salts of 
monovalent ions in polyethers. Reasonable conductivity can be 
achieved as they can be readily prepared as thin films and therefore, 
have the major advantage in battery applications [37]. The cations 
are solvated by the oxygen of the polyether and there is association 
between the solvated cations and the dissolved anions. The anions as 
well as cations are mobile in these materials, and the high mobility 
requires an amorphous polymer structure. The evidence of this 
mechanism has been obtained by EXAFS studies [38]. 
The classifications are not exhaustive. It includes most of the 
materials that are currently the subject of active investigation. 
1.2 MECHANISMS OF SUPERIONIC CONDUCTIVITY : 
There has been a substantial effort to understand the physics 
and chemistry of ionic compounds which have anomalously high 
ionic conductivity in the solid state [39, 40]. They are interesting 
from a fundamental point of view as a form of disordered solid 
whose properties, place them intermediate between normal solids and 
liquids. Theoretical techniques, such as computational-lattice and 
defect simulations, molecular dynamics and Monte-Carlo methods 
[41]. together with the major experimental investigations like ionic 
conductivity, specific-heat, NMR, neutron scattering and light 
scattering [42], have collectively paved the way to the present 
understanding of the mechanisms of ion transport in these materials. 
Some of the different models suggested for the superionic 
conductivity will be discussed very briefly. 
(a) Conventional Transport Mechanism 
The transport is effected by a conventional hopping process, 
usually of defects, in a framework structured material. There is no 
fundamental difference between the nature of these migration 
mechanisms in fast ion and normal ionic conductors, but the defect 
may be present in exceptionally high concentrations and may have 
very low activation energies. A good example is provided by Ce02 
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doped with Y'^ '' [22]. The conductivity is based on the rapid transport 
of vacancies, which are, however, migrating by a conventional 
hopping mechanism. The defect chemistry of these materials is based 
on the replacement by trivalent ions of the host cations with 
compensation of oxygen vacancies; the latter have activation energies 
of about 0.5eV and they may be present in high concentratrons in 
the fluorite host lattice owing to the high solubility of low valence 
substitutionals. The material shows intriguing variations of the 
conductivity with the dopant concentration. Gerhardt-Anderson and 
Nowick et al. showed that for dopant concentrtaions of less than 1 
mol%, oxygen transport can be analysed in terms of the equilibrium 
between clusters and free vacancies [43]. 
To summarise, oxygen transport in these materials takes place 
by conventional vacancy hopping process. At low concentrations, 
dopant-defect interactions may be described by the formation of 
simple pair clusters, while at higher concentrations it is better to 
think of the problem using percolation models. 
(b) Correlated Migration Mechanism 
In this category, the rapid ion transport is effected by several 
ions moving together in a concerted manner. Simulation methods are 
having greater values in revealing the details of such mechanisms. 
Li,N and RbBiF_, are good examples to explain this mechanism. 
Li,N is possibly the best known Li^ ion conductor with an 
appreciable conductivity of 10 ' ohm'cnr ' at 50"C [44]. The crystal 
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structure comprises of Li^N layers containing hexagonal arrays of 
Li"^  ions which are linked by bridging Li"^  ions lying between N^ ions 
in adjacent layers. The structure of Li^N is as shown in Fig. 1.3. The 
molecular dynamics simulation techniques [45. 46] applied to Li,N 
produce the following important mechanistic informations; (i) Li* 
ions can be readily excited thermally from the Li^N layers into the 
gaps between the layers, (ii) The vacancies that are thereby created 
can migrate rapidly through the crystal by highly correlated 
mechanisms. This high degree of correlation in the Li"^  ion motion is 
a key factor in promoting a high conductivity. 
The high conductivity of RbBiF^, the cation disordered 
fluorite structured material, was first studied by Reau and Co-
workers [47, 48]. The material has the fluorite structure with 
disordered distribution of Rb and Bi over the cation sites. The 
EXAFS studies show that disorder is generated preferentially around 
the Rb"^  ions. The interstitials in the fluorite structure migrate by the 
interstitialcy mechanism, in which the migrating F ion displaces 
neighbouring lattice ions into interstitial sites. The ions are moved in 
a correlated manner, the motion of each ion being of the interstitialcy 
type. As with Li,N. ease of creation of the defects is vital for the 
high conductivity; but correlated migration mechanisms are again 
clearly of central importance. 
(c) Liquid-like Diffusion Mechanism 
Here, the mobile sublattice is highly disordered and hence 
12 
mi 
I i ' 
' I ' 
1 I ' 
^' J / [ 
/ • / • / • / 
—p -p 
/ • / 
• / 
/ 
O N^" ion 
• Li ion 
Fig. 1.3 : The structure of Li^N. 
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transport can not be interpreted in terms of hopping between distinct 
lattice sites. There are very few materials to which this presents an 
accurate model for the ion transport mechanism. There is. however, 
good structural evidence for the very high degree of cation disorder 
in certain chalcogenides like Ag^S [49] at high temperatures. It 
seems that the cation sublattice is structurally liquid like in these 
materials. It is, therefore, plausible to suggest that the transport 
mechanisms have a similar character. 
(d) Intermediate Mechanisms 
This includes materials where there is a breakage of the lattice-
hopping models and those for which there is a transition from 
hopping to liquid-like transport. A good example of the first case is 
provided by Agl which undergoes a phase transition at 147"C from 
wurzite structure to a structure based on a body centred cubic (bcc) 
Iodide ion sub-lattice, with a disordered distribution of Ag"^  over the 
tetrahedral sites. The high temperature phase shows fast Ag"^  ion 
mobility [50]. Neutron diffraction and quasi-elastic neutron 
scattering studies of Wuensch and co-workers have clearly 
demonstrated the localization of the silver ions in the tetrahedral 
sites of the superionic conducting phase [51-53]. 
Li,MgCl_, which has an inverse spinel structure is another 
interesting material in which Li* ions are distributed between 
octahedral and tetrahedral sites [54-56]. NMR and conductivity 
studies suggest a change in the ion transport mechanism in 
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temperature range 500-700K, which is manifested by a 'knee' in the 
conductivity versus 1/T plot. At low temperatures, the lithium 
transport mainly involves the octahedral lithium ions which migrate 
by a hopping mechanism between the octahedral sites via a 
tetrahedral site. At higher temperatures the mobility of lithium ions 
on the tetrahedral sites becomes appreciable and a large fraction of 
the ions are found to move through non-hopping mechanisms [57]. 
1.3 PHASE TRANSITIONS IN SUPERIONIC SOLIDS 
The phenomenon of phase transition is exhibited by a variety 
of solids. It involves the transformation from one crystal structure to 
another as the temperature or pressure is varied. The subject of phase 
transitions has grown enormously in recent years, with new types of 
transitions as well as new approaches to explain the phenomena. The 
high ionic conductivity achieved by most of the superionic 
conductors is through well defined phase transitions, at particular 
temperatures. With increasing temperature. the electrical 
conductivity sometimes changes gradually (as in P-alumina) [7] or 
shows an abrupt jump (as in P-AgI, RbAgJ, etc.) [8].During a phase 
transition the free energy of the solid remains continuous but 
thermodynamic quantities such as entropy, volume and heat capacity 
exhibit discontinuous changes. 
Depending on this discontinuous change of Gibbs free-energy 
G at the transition. Pardee and Mahan [58] classified the phase 
transition as first or second order. In a first order transition where 
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the G (P.T) surface of the parent and product phase intersect sharply, 
the entropy and the volume shows singular behaviour. This transition, 
otherwise called as insulator-electrolyte transition, is characterised 
b> a sudden rise in the conductivity (a) when plotted against the 
inverse temperature (1/T). It can be sometimes associated with a 
distinct structural and latent heat change. On the otherhand. in 
second-order transitions (order-disorder phase transitions) the heat 
capacity, compressibility or thermal expansivity shows singular 
behaviour. Here the CT versus 1/T plot is continuous with a small 
change in slope at the transition temperature. The electrical 
conductivity of a few superionic solids exhibiting the above types of 
phase transition are depicted in Fig. 1.4. The phase transitions at 
Temperatures. 64*'C for RbAgjIj. 50"C for siliver-pyridinium iodide. 
190"C for (CeF,)^,^, (CaF^)^^,,. IISO^'C for CaF,. represent typical 
order-disorder transitions while temperatures 151"C for RbAg^I,, 
147C for Agl, 890«C for LuF, are of the first kind. 
The concept of an order parameter. ^, which is a measure of 
the degree of order resulting from a phase transition was introduced 
by Landau. In a first-order transition, the change in t is 
discontinuous, but in a second-order transition where the change of 
state is continuous, the change in ^ is also continuous. He proposed 
that G in a second-order (or structural) phase transition is not only a 
function of P and T but also of ^ and expanded G as a series in 
powers of ^ around the transition point. The order parameter vanishes 
16 
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Fig. 1.4 : Ionic conductivity of some superionic solids 
showing class I and class II types of phase 
transitions. 
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at the critical temperature, Tc in such variataions. Thus, due to the 
developments in the field by Kadanoff [59], Wilson [60] and others, 
it is now possible to characterize all higher order phase transitions in 
terms of the physical dimensionality of the system, d, and the order 
parameter, n. It is noteworthy that there can be no phase transitions 
in one dimension if short range forces operate alone [61]. 
(a) Phenomenological Theories on Phase Transition 
The essential thermodynamic features of the second kind have 
proved more elusive. In fact transitions of the second kind mark the 
onset of ferromagnetism, ferroelectricity and superconductivity and 
thus established molecular order in alloys and in crystals [62]. 
However, the Gibbs phase theory provides a satisfactory 
thermodynamic network for the transitions of first kind that can be 
supplemented by more specific information derived primarily from 
experiments. The X-ray and neutron diffraction methods supply 
detailed information about the geometry of the lattice. Measurements 
of rate of transitions give some information about the free energy 
barriers separating the different polymorphic modification. 
The high conductivity is generally sustained by materials 
showing a high degree of disorder permitting many ion jumps to take 
place simultaneously. The thermally generated defects are made to 
interact in such a manner that the charge carrier density increases 
either abruptly or discontinuously resulting in a sudden increase in 
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conductivity. Hubermann [63] showed that a Frenkel pair attractive 
interaction is responsible for the superionic phase transition. The 
crystals always contain a finite number of Schottky and Frenkel 
defects, which increases with temperature. He considered the 
formation of Frenkel pairs by ions leaving their normal sites and 
going to available interstitial sites. The conductivity depends on the 
number of Frenkel pairs, which is an exponential function of the 
activation energy of their formation. The total activation energy is 
rendered defect-concentration-dependent, by ensuring that there is an 
attractive interaction between the interstitial ion and the vacancy, 
proportional to the square of defect concentration. 
Rice et al. [64]. almost simultaneously gave a model for the 
transition to the superionic state, in which they showed that the 
interstitial defects interact with the induced strain field. Also the 
creation of interstitials would lead to a finite change in the volume 
of the crystal, putting the solid in a state of hydrostatic strain. The 
free energy is assumed to be a function of defect concentration and 
the strain. They proposed a ratio >./Ui, where Ui is the energy 
required to promote a cation to an interstitial site and X is an 
interaction parameter given by X=T^/W^, which in turn is related to 
the bulk modulus and the number of cations per unit volume. For a 
small value of X/Vi (=0.1), the number of defects increases smoothly 
with temperature and hence the a versus 1/T plot would be the same 
as for the normal ionic solids. For A,/Ui < 0.97. the rate of increase 
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of defect concentration changes at a certain temperature and the 
slope of the curve changes without an abrupt change in conductivity. 
But for X/Ui > 0.98, the defect concentration rises abruptly and 
hence, it corresponds to the first order transition occuring in 
superionic solids. Welch and Dienes [65,66] have suggested two 
models wherein the thermally generated defect concentration 
modifies the free energy of the ionic crystal in such a way that 
different orders of phase transition result. 
(b) Lattice gas theories of Phase Transition 
In phenomenological theories, the behaviour of first and 
second-order superionic transitons and a versus 1/T behaviour were 
explained on the basis of a change in the number of charge carriers 
due to ion interactions. If a large number of charge carriers are 
present as a result of first-order phase transition then the mobile ions 
can be considered as a 'lattice gas', hopping from one lattice point to 
another. These particles interact with each other and modify the ion 
diffusion or transport activation energy [67]. The path probability 
method is used here to explain the migration. The earlier random 
walk approach failed, because it requires the jump frequency of an 
atom to an adjacent site, to be constant, independent of location and 
time. But in the case of fast-ion conductors with highly disordered 
lattice, the number of vacancies are comparable with that of 
migrating cations and hence jump frequency of ions will be 
influenced greatly by their immediate surroundings. 
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The solid is represented in another theory of Mahan [68], as a 
network of sites where the ions can sit. The number of available sites 
is greater than the number of ions. It is assumed that there is a 
repulsive interaction between nearest neighbours. When an ion 
polarizes the host crystal, hopping must carry the polarizing cloud 
with it. The presence of appreciable disorder below the transition 
temperature (Tc) is a manifestation of the slow rise of the order 
parameter with decreasing temperature. That is. both above and 
below the transition temperture there is substantial disorder, even 
though this temperature corresponds to an order disorder transition 
as suggested by Pardee and Mahan. From the structural studies, 
Geller [69] has also identified this transition as a order-disorder 
transition. 
1.4 E L E C T R I C A L C O N D U C T I V I T Y O F I O N I C S O L I D S 
In ionic solids, the electrical conductivity measurements 
provide information about the thermodynamic and kinetic parameters 
which govern the number, mobility and interactions of point defects 
i.e. the enthalpies and entropies of defect formation, migration and 
interaction. Electrical conductivity measurements were among the 
earliest physicochemical measurements made on solids. All ionic 
materials have an electrical conductivity in the solid state due to the 
diffusive motion of the ions. In most such materials, this diffusion is 
associated with the motion of point defects created either by thermal 
excitation or by doping. The concentration of thermally generated 
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defects in most ionic materials is extremely low. But in superionic 
conductors, the thermal disorder is too large at high temperatures 
and the conductivity attains liquid-like values [70-74]. 
At a given temperature, a solid has an equilibrium 
concentration of intrinsic defects (usually vacancies or interstitials) 
which is controlled by a Boltzmann factor. Because ionic conduction 
and diffusion are generally sensitive to this thermal equilibrium 
concentration of intrinsic defects. They are called activated 
processes. 
Simple ionic solids have been extensively studied in recent 
years in order to determine their point defect properties, as well as 
to provide a model for application to more complex solid state 
systems. The situation is quite interesting in the case of fast-ion 
(superionic) conductors. These materials are characterized either by 
the availability of a very large number of normally vacant lattice 
sites (i.e. a defect structure) or by an essentially complete disorder 
of the mobile ionic species. These mobile ions are distributed 
randomly over a large number of sites, and the magnitude of the 
conductivity indicates that nearly all of them must contribute to the 
conductivity. The activation energy for ionic motion in the superionic 
regime is usually small (- O.lev). 
Ionic conductivity and diffusion have been studied extensively 
in a variety of ionic crystals at atmospheric pressure, and in many 
cases the mechanisms for the transport processes in terms of point 
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defects have been established [75]. Experimental results have 
generally been successfully interpreted in terms of absolute reaction-
rate theory. In this theory the elementary diffusive jump is likened to 
a transition, in thermal equilibrium, betwen a ground state 
corresponding to the equilibrium lattice position of the mobile 
species and an excited state corresponding to the saddle-point 
position. The basic assumption underlying the use of this theory in 
diffusive processes is that there exists a well-defined transition 
(excited) state whose life time is sufficiently long compared to lattice 
thermal relaxation time that it makes sense to define the 
thermodynamic properties of the excited state. Although the theory 
has been criticised on this assumption and on other counts [76]. its 
general success in interpreting experimental results provides strong 
support for the usefulness and, perhaps validity of this equilibrium 
statistical mechanical treatment of a diffusion process in many 
systems. 
There has been a considerable number of studies of the effects 
of hydrostatic pressure on ionic conductivity and other related ionic 
transport processes. Both the formation and the motion of lattice 
defects which determine the conductivity normally depend 
exponentially on pressure. Most of the early pressure work was on 
NaCl and the silver halides, whereas recent work has extended these 
studies to a broader range of materials that includes fast-ion 
conductors. In all of these studies, pressure is found to be a 
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complementary variable to temperature in trying to understand the 
mechanisms of ionic conduction. In some cases, pressure turns out to 
be an essential variable. In ionic conductivity and other defect 
dominated properties in general, it is important to know the elastic 
volume relaxation associated with the formation of lattice defects as 
well as the lattice relaxation accompanying the diffusive motion of 
these defects. Measurements of the hydrostatic pressue dependence 
of the ionic conductivity give, in priciple, direct information about 
these volume relaxations, and this can in turn be used to understand 
better the mechanisms of ionic transport and to test the validity of 
proposed models. Pressure studies also provide a better 
understanding of the nature of the energy barriers associated with 
ionic transport and are, in addition, important to the understanding 
of the phase transitions observed in many ionic conductors. 
The simplest consideration for most important lattice 
imperfections are vacancies and interstitials. A lattice vacancy is 
known as Schottky defect. A Shottky defect is formed in a perfect 
crystal by moving an ion from a lattice site in the interior to a lattice 
site on the surface of the crystal. At any given temperature a certain 
equilibrium number of lattice vacancies is always present in a crystal 
because the entropy is increased by the presence of disorder in the 
lattice. To keep the crystal electrostatically neutral on a large scale, 
usually it is energetically favourable in ionic crystals to form roughly 
equal numbers of separated positive and negative ion vacancies (so-
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called schottky pairs). It is easy to show that the concentration, n, of 
such pairs as [75], 
n = N exp (-AG/'/2kT) (1) 
whee N is the number of ions (sites) per unit volume, and AG/^ is the 
Gibbs free energy of formation of a vacancy pair. 
Another type of lattice defect is the Frenkel defect. In this 
case an ion is moved from a lattice site to an interstitial position, a 
normally unoccupied lattice position. The concentration of Frenkel 
defects is again easily shown to be given by 
n = (NN*)''^  exp (-AG//2kT) (2) 
where N is the number of 'lattice sites, N' is the number of 
interstitial sites (both per unit volume), and AG/ is the Gibbs free 
energy for the formation of the interstitial. 
Equations (1) and (2) are obtained in the limit n « N and as 
such are thus strictly not valid for ionic conductors in the superionic 
regime where n approaches N. 
The production of Schottky defects lowers the density of the 
crystal because the volume is increased without an increase in mass. 
The production of Frenkel defects, on the otherhand. does not 
change the volume of the crystal, and thus the density remains nearly 
unchanged. On this basis pressure can be expected to cause a 
relatively large suppression of the formation of Schottky defects. 
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By doping an ionic crystal with aliovalent impurities controlled 
concentrations of vacancies and interstitials can often be introduced. 
For example, doping NaCl with CaCl^ would cause the Ca^* ion to 
substitute for the Na"^  ion. The requirement of charge neutrality 
would also cause the creation of a Na"^  vacancy. On the otherhand, 
doping NaCl with, e.g., Na.S would cause the S- ion to substitute 
for the CI ion and would result in the formation of a CI vacancy. 
For a solid ionic conductor, the conductivity can be written as 
a = I n q u (3) 
where n . q and u are the concentration, electrical charge and 
mobility, respectively, of mobile charge carrier, and the summation 
is over the different types of charge carriers. The temperature 
dependance of a arises from the temperature dependance of n or |a or 
both. In general, the temperature dependence of n can be quite 
complicated since it can be influenced by the relative amounts of 
intrinsic defects and impurities as well as by the possible association 
and/or precipitation [75] of these impurities and defects. 
In the extrinsic regime n is determined by the concentration of 
impurities; however, the concentration of intrinsic defects in the 
intrinsic regime is given by either Eq. (1) or (2). which can be 
rewritten in the form 
n = N exp (AS/2k) exp (-AH/2kT) (4) 
with a similar expression for eq. (2). Here AS^ and AH, are the 
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entropy and enthalpy, respectively, associated with the formation of 
the defects. 
Not only is the concentration of intrinsic defects and activated 
process, but so is the motion of defects as well, since work is 
required to move the defect from its equilibrium position of 
minimum energy to the saddle point which separates it from another 
position of minimum energy. The rate at which a defect traverses a 
barrier is 
1/T = vexp(-AGJkT) (5) 
where AG^^^  is the free energy required to move the defect across the 
energy barrier, and v is the vibrational (or attempt) frequency of the 
defect in the direction which carries it over the barrier, v is usually a 
difficult quantity to estimate since it relates to a defective region of 
the crystal. A useful approximation is to equate v with the Debye 
frequency for cases where the diffusing species has a comparable 
mass to the atoms of the host crystal. 
The diffusion coefficient (isotropic case) is given by 
D = A r 2 T - ' (6) 
where A is a dimensionless geometrical factor (of order unity) which 
depends on the lattice type and transport mechanism, and r is the 
jump distance. The mobility |.i of a given species is related to the 
diffusion coefficient D of that species through the Nernst - Einstein 
relation. 
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D = nkT/q , (7) 
where q is the electric charge of the species. Since D is given by 
D = Avr^ (-AG /kT), ....(8) 
the temperature dependence of fi is given by 
H = (AqvrVkT) exp (-AG^kT) 
AqvrVkT) exp (AS^k) exp (-AH„/kT) 
(9) 
where the subscript m denotes mobility. 
The conductivity in the intrinsic regime where one mobile species 
dominates can then be written as 
oT = (ANq^vrVk) exp (AS/2k + ASJk) exp 
(-AH/2kT - AHJkT) (10) 
In dealing with experimental data, Eq. (10) is more commonly 
written as 
aT = o„ exp (-E/kT) ....(11) 
where it is seen that the pre-exponential factor a,, is 
a„ = (ANq^vrVk) exp (AS/2k + AS^/k) (12) 
and the measured activation energy E is 
E = i/2AHf+AH^ ....(13) 
In the extrinsic regime, where the change in carrier 
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concentration with T is negligible, the measured activation energy is 
simply associated with the motion of the mobile species (assuming 
that the mobility of this species dominates), and 
E = AH (14) 
m 
In Eq. (14) it is assumed that the impurity concentration is 
sufficiently low so as not to influence the mobility in the lattice. 
At this point it is worth emphasizing that Eq. (10) is based on 
the Nernst-Einstein relation (Eq. 7) and the absolute reaction rate 
theory of diffusion. Implicit in the latter theory is the assumption 
that the diffusive process can be described in terms of equilibrium 
statistical mechanics. Although there has been some criticism of this 
theory it neverthless has been very successful in treating diffusion 
and ionic conductivity data and this success is generally taken as the 
strongest evidence for its validity. 
A plot of log oT vs. T ' should yield a linear response over the 
appropriate temperature regime is indicated by reference to Eq. (11). 
By making measurements on samples with various impurities and 
over a sufficiently broad temperature range, it is possible to evaluate 
the various activation energies (or enthalpies) and pre-exponential 
factors (Eq. 12). An idealized response for an ionic crystal showing 
various conduction regimes of interest are depicted in Fig. 1.5. 
Regimes 1 and II are easiest to understand and are generally of most 
interest. 
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Fig. 1.5 : An idealized representation of log cT vs. T"^  
showing the various conduction regimes observed 
in normal solid ionic conductors. 
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In the extrinsic regime(I) the response is determined by the 
concentration and type of impurity (or dopant) present in the crystal, 
whereas in the intrinsic regime (II) the response is determined by the 
concentration of thermally produced defects and by the mobility of 
the more mobile species of these defects. Deviations from regimes I 
and II can be observed at both high and low temperatures. Regime 
III occurs at high temperature and signals a change in the conduction 
process. Here, usually the conduction is also intrinsic as in regime II 
and the transition from regime II to regime III could signify a 
change, from conduction by vacancy motion to conduction by 
interstitial motion. At sufficiently low temperatures a so-called 
association regime is sometimes observed. In this regime CT decreases 
with decreasing temperature at a faster rate than in regime I because 
the impurity and associated defect become bound (i.e.. associate), 
forming a neutral pair which does not contribute to the conductivity. 
In this regime the activation energy is E = AH^ ^ + MJAH^. where AH^ 
is the binding or association enthalpy of the aliovalent impurity and 
associated defect. 
1.5 SOLID STATE NOVEL MATERIALS 
For the relatively small field of solid state chemistry, there is a 
large variety in the materials of current interest. Oxides are the 
largest and most studied class of solid state compounds, in part 
because many minerals are oxides. Some important types of novel 
rriateirals are listed below : 
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(a) Cluster Compounds 
Traditionally the chemistry of solids could be devided into 
intermetallic phases and normal valence compounds. In the latter 
case the compounds formally contain cations and anions, oxidation 
states can be assigned and the structures are always arranged so that 
the cations have anions as near neighbours and vice versa. Some 
thirty years ago, with the work of Franzen [77] and others, it became 
apparent that many compounds were intermediate in their nature: 
i.e.. they contain metal-metal bonds as well as metal-anions bonds 
[78]. One can describe the structure of such phases as the packing of 
molecular scale metal clusters that are surrounded by anions. Many 
related phases can similarly be described as resulting from the 
condensation of such clusters to form one-, two-, or even three 
dimensional networks [79. 80]. The discovery of such phases 
continues unabated, especially in the early transition metals and rare-
earths. Some, such as the now famous Chevrel phases, have physical 
properties that have attracted the attention of many solid state 
scientists. 
Even more recently, chemists have begun to build exactly the 
same metal clusters via solution methods that are more typical of 
organic or inorganic chemistr\ [81,82]. Further, in some cases it has 
proved possible to excise clusters from the solids and bring them 
into solution [83]. One focus of the current research is the attempt to 
join such solvated clusters via organic linking groups into one -, 
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two-, or three-dimensional networks or to trap the cluster in a 
polymer matrix [84]. Such a building-block approach to solids may 
prove to be a powerful technique for designing solids with specific 
structural features that combine both organic and solids state 
properties. 
(b) Co-ordination Solids 
In recent years, multitopic organic ligands (those with several 
different binding sites for metals) and transition metals have been 
used to construct networks that have the same connection as well-
known solid state structure types [85]. This might be thought of as 
an extension of prussian blue type compounds, which again are 
themselves the focus of recent research [86]. In this building-block 
approach [87, 88] solid state structural prototypes are chosen as 
targets and are constructed using organic ligands with the required 
geometry and a transition metal ion with the required co-ordination 
propensity. Structures that have been constructed by this approach 
include the analogs of diamond. AlB,, a-ThSi^. a-PO. rutile, PtS, 
SrSi^ and rare [89, 90] nets [91-93]. 
This synthetic methodology has also lead to the design and 
construction of materials with properties such as porosity and guest 
exchangeability generally associated with zeolites [94]. The use of 
organic ligands in these materials is very attractive since the size, 
shape and nature of the cavities can be suitably tailored. The ability 
to do catalysis within these cavities in the co-ordination ion solids 
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has also been demonstrated, with more and more structural 
prototypes being constructed through this approach much like 
organic chemistry, it should be possible to establish certain recurrent 
relationship between the molecular structure(s) and the final solid 
state structure. Network with strong covalent bonds to transition 
metals, rather than weaker covalent bonds, have also been recently 
prepared. Such relationships should hopefully pave the way for the 
rational design and construction of solid state structures with desired 
structural properties. 
(c) Ternary Nitrides 
While most of the binary nitrides which form have been fairly 
thoroughly investigated [95] and in a number of cases are of 
technological significance, the chemistry of ternary and higher 
nitrides has only recently attracted the broad interest of solid state 
chemists. This is a little surprising, since compounds made from 
neighbouring elements (C, Si, P. S and especially O) have been much 
more widely investigated. Recent reviews summarize what is 
currently known about this young field [96-98]. Here we mention 
two features of the recent research. 
First a number of novel structures are observed in ternary 
nitrides. Based on electronegativity differences, the bonding in 
nitrides might be expected to be less ionic than in oxides, but 
perhaps less covalent than carbides or sulfides. The variety of 
structures observed bear this out. For example, silicate and germinate 
/ 
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chemistry is completely dominated by tetrahedral M*^0_, units that 
share only corners between two tetrahedra. In ternary silicon and 
especially in germanium nitrides both corner sharing of M^^ N^ units 
(between two or three tetrahedral) and edge sharing are common. In 
germanium nitrides a variety of Ge oxidation states can be stabilized: 
Ge*^, Ge"^ ' and even Ge '. Such behaviour in oxides is unknown, while 
in sulfides only the first two oxidation states are known. 
Second, the preparation of single crystals of ternary nitrides 
has been a considerable challenge. Several new methods have met 
with some success : alkali metal [96] or alkali metal amide [99] 
fluxes and high pressure ammonia solvents [100]. Yet these methods 
are not sufficient to prepare all ternary phases especially many of 
those containing early transition metals. There remains considerable 
opportunity for development of fluxes or other techniques to prepare 
these unusual compounds. In fact, it appears that the alkali metal 
flux method may be useful in the preparation of GaN crystals as 
substrates for blue lasers. 
Many oxynitrides [101] show promise as catalysts [102] and 
recently, framework nitrides with the semi-dense sodalite framework 
have been synthesized [103]. Routes to framework nitrides with large 
cavaties are starting to be explored and these may complete 
favourably with current catalysts of commercial importance. 
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CHAPTER - 2 
Ionic Conductivity in Pure and 
Doped Ag^MoO^ and Ag^Hgl^ 
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2.1 INTRODUCTION 
Because of the great technological incentives for the 
development of more effective and efficient ways of converting and 
storing energy, much of the attention being given to fast-ion 
conductors or solid electrolytes at the present time is either directly 
or indirectly related to their potential use in new types of batteries 
(the so-called solid state batteries) and fuel cells for power source 
applications. The possible applications of solid ionic materials for 
batteries have recently been reviewed [1]. Interest in studying fast-
ion conductors arises not only from the great variety of technological 
applications in which they are involved, but also from the 
fundamental necessity to understand the fast-ionic behaviour and 
possibly, thereby improve the properties of such compounds [2-4]. In 
view of their potential applications in various technological areas, 
such as electrochemical power sources, sensors, optical devices, 
lasers, fuelcells and double-layer capacitors, fast ion conducting 
materials are being extensively investigated both in polycrystalline 
and glassy forms [5-10]. 
A new positive mixed alkali effect on fast ion conductivity in 
Na^SO^ and Ag^SO^ [11. 12] has been recently reported. A similar 
behaviour has also been reported on the ion conductivity of (Ag, Na) 
- nitrite sodalities [13]. These results are in strong contrast to the 
usual mixed alkali effect observed in disilicate glasses [14. 15], |3-
aluminas and )3-gallate [16]. where a decrease in conductivity occurs. 
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Peng-nian Huang et al. reported a fast Na* ionic conductivity 
in glass and crystalline solids of NajMoO^ - Uo^SO^ system [17]. 
Other investigations [18] also show that the ionic conductivity of 
solids can be improved by doping a cation in the host lattice. 
In view of these, studies have been made of the effect of both 
cationic as well as anionic substitution of dopant on the ionic 
conductivity of AgjHgl^ and AgjMoO^ respectively. 
Ag.MoO^ has a well known spinel structure with a MoO^^' 
framework i.e. sublattice MoO^^" units, where highly mobile Ag"^  ion 
prefers an interstitial site over a Schottky disorder. 
Ag^Hgl^ is a well known superionic conducting material, first 
studied by Ketelaar [19]. Electrical conductivity [20.21], 
thermoelectric power [22], heat capacity, X-ray diffraction [23] and 
Raman scattering [24] measurements of this material have been 
carried out. From these investigations this is evident that the 
compound undergoes a phase transition from the | 3 - to the a-phase 
at 323.7K. The transport number of Ag"^  in Ag,HgI_, is 0.94. 
Though the a-phase of Ag^Hgl^ shows exceptionally high ionic 
conductivity, the activation energy for ionic motion is much larger 
than those of other superionic conductors, such as Agl or p-alumina. 
This can be due to the face centred cubic (fee) arrangement of I" 
sublattice so that the Ag* ion was forced to go through the high 
energy octahedral interstices in the transport process [25]. 
Therefore, the free-ion model proposed for the transport process by 
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Rice et al. [26] is inappropriate. However, the microwave complex 
conductivity of Ag^Hgl^ [27] suggests hopping as the basic transport 
mechanism in the a-phase. 
Ketelaar [28] proposed the structure of Ag^Hgl^ which was 
based on X-ray powder diffraction. Later Kasper and Browell 
employed single crystal X-ray crystallography to obtain refined 
structure for the a (disordered) [29] and P (ordered) [30] phases of 
Ag^Hgl^. The structure of a - and P-phases are shown in the Fig. 2.1. 
In the P-phase, the iodide form an fee lattice with two silver ions 
and one mercury ion occupying three of the four available tetrahedral 
sites, leaving one quarter of the tetrahedral sites empty. The primitive 
wigner-seitz cell shows S_, symmetry and the lattice parameters as a 
= 6.3A and c= 12.6A at room temperature. But above 323.7K, 
Ag^Hgl^ transforms from the yellow p-phase to the brick red a-phase 
with the three cations randomly distributed among the four 
tetrahedral sites provided by the fee sublattice of the 1 ions. 
A decrease in electrical conductivity of P-Ag,HgI^ was 
observed upon cycling to T>50"C by Neubert et al. [21] and 
suggested that this is due to the growth of crystallities and 
increasing perfection of crystallities. Further cursory examination of 
P-modification. conductivities as a function of pressing pressure and 
pressing time show that the higher the pressure and longer the time 
samples are held at top pressure the greater the values were. The 
annealing and pressing behaviour together with a study of dielectric 
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^-Ag2Hgl^ oC-Phose 
Fig. 2.1 : The Structures of p- and a-phases of Ag2HgI^. 
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properties, suggested that the bulk of the specimen consist of 
relatively large grains of ordered crystals. The grains contacted to 
one another via point contacts of poorly organized boundary 
materials. Contact materials, because of its high state of 
disorganization and therefore low degree of order, are presumed to 
have a high conductivity. Transformation of disordered materials into 
order materials by grain growth during annealing, together with a 
concomitant decrease in the number of contacts causes specimen 
conductivity to decrease. 
The frequency dependence of the conductivity of Ag^Hgl^ 
observed by Shibata et al. [31] shows the similar behaviour as found 
for CuCl [32] and AgBr [33]. The results were interpreted in terms 
of equivalent circuits composed of resistance and capacitance 
contributions at the sample electrode interface. They also attempted 
to determine the transport number of the electronic component in 
Ag,HgIj and the results indicated that for the P-phase the 
conductivity could have a smaller electronic contribution. 1-10% of 
the total conductivity. These values of electronic conductivity are 
much smaller than those reported by Weil and Lawson [34] and Webb 
[35] suggesting that the Ag* ion is still the dominant charge carrier 
in the P-phase. 
2.2 EXPERIIVIENTAL 
(a) Preparation of AgJHgl^ 
In solid state Ag.Hgl^ is known to be formed by the interaction 
48 
of Agl and Hgl^. However, this method was not followed for its 
preparation. It was prepared by simultaneous precipitation from 
solutions containing stoichiometric amounts of reactants. This 
method provided more satisfactory results than the solid state 
product. Ag2Hgl4 was precipitated slowly on vigorous stirring, from 
0.5M KjHgl^ solution by the addition of the stoichiometric amount 
of 0.5M AgN03 solution [36]. Analar grade chemicals Hgl, and 
AgNOj obtained from E. Merck (India) Limited with a stated purity 
of 99% and 99.8%. respectively, were used. The precipitated powder 
was washed 10-15 times by decantation using double distilled water, 
filtered and dried. The preparation was carried out in diffused light 
using brown bottles, but otherwise no extraordinary precautions were 
taken to avoid photochemical effects. X-ray diffraction studies 
showed typical diffraction pattern of the Ag.Hgl^ and the d-values 
match well with the A.S.T.M. powder diffraction file of Ag^Hgl^ 
[37]. 
(b) Preparation of Ag^MoO^ - Ag^Hgl^ System 
Various compositions of the mixed system Ag^MoO^ - Ag^Hgl^ 
were synthesized by the solid state reaction from powdered reactants. 
Appropriate amounts of Ag.MoO^ and Ag,HgI^ were mixed 
thoroughly by grinding in an agate mortar. It was then placed in a 
silica crucible and sintered at lOO^C for 24 hours in a thermostat. 
Solid samples thus obtained were used for X-ray diffraction analysis 
and conductivity measurements. 
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(c) X-ray Diffraction Analysis 
Powder specimens of various compositions in the system 
Ag2Mo04-Ag2HgI^ were analysed using PHILIPS PW 1710 X-ray 
diffractometer with CuK^ radiation under same conditions for every 
sample at room temperature. 
(d) Conductivity Measurements 
For carrying out the conductivity measurements, pellets were 
prepared by pouring the sample powder into a stainless steel die and 
pressed at a pressure of 4 tonnes/cm^ with the help of a hydraulic 
press (Spectra Lab. Model SL-89). These pellets had an area of 4.524 
cm' and thickness of 0.1 cm. Pellets were found to be of the same 
colour as the original powders. However, higher pressures were found 
to cause uneven darkening in the pellets. Also all the compositions 
showed a linear increase in conductivity with pelletizing pressure 
upto pressure of 4 tonnes/cm- and after that it became almost 
constant. Therefore, all the pellets were prepared at a pressure of 4 
tonnes/cm^. All the samples were annealed at 200"C for 12 hours, 
before measurements to eliminate any grain boundary effect. 
The electrical measurements were performed by means of a 
two probe method. The pellets were mounted on a stainless steel 
sample holder assembly between copper plates, to which leads were 
attached. The copper leads were electrically insulated from the 
sample holder by teflon sheets. This assembly was then placed 
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inside a thermostat. The temperature was maintained at the desired 
level and kept there for about 15 minutes to ensure that equilibrium 
had been reached. A Gen Rad 1659 RLC Digi Bridge with the 
f^'equency range 100 Hz-lOKz was employed for measuring 
conductivity. Possible impedance contribution from external 
connection cables and pellet mounting devices were corrected by 
using its built in short and open calibration facility. Conductivity 
measurements were made over the temperature range 20-205"C. 
2.3 RESULTS AND DISCUSSION 
The temperature dependence of ionic conductivity usually 
follows the Arrhenius expression. 
a = ne'A'uy/KT exp (-AG*/KT) ....(2.1) 
ne-X-uy/KT exp (AS*/K-AH*/KT) ....(2.2) 
where n the number of ions per unit volume, e the ionic charge. X the 
distance between two jump positions, u the jump frequency, y the 
intersite geometric constant and AG*, AS*, AH* are activation free 
energy, entropy and enthalpy terms respectively. The equation can be 
written in a simpler form as. 
aT = CT, exp (-Ea/KT) ....(2.3) 
where o^ = ne^X'uy/K exp (AS*/K) and AH* = Ea i.e. the activation 
enthalpy equals the experimental activation energy for ionic motion, 
wich may include a defect formation enthalpy contribution [38]. On 
the basis of the above equation (2.3) heat mode plots of log (aT) vs 
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lOVT or 1/T are given in the Fig. 2.2 for different compositions of 
Ag MoO^-Ag,Hgl4 system in the temperature range 293-478 K. 
Different solid solutions for the system Ag^MoOj-Ag^Hgl^ were 
prepared. The effect of addition of a finite quantity (10 mol%) of 
Ag^Hgl^ into Ag,MoO^ bulk matrix resulted in higher conductivities 
when compared to the pure Ag.MoO^ at specific temperatures. This 
improvement in the conductivity continued for every addition of 
Ag^Hgl^ in the host lattice but was found maximum for 30 mol% 
Ag.Hgl^ substituted Ag,MoO^. Beyond 60 moWc Hgl^ addition in the 
host lattice the conductivity behaviour is almost identical with that 
of the dopant in its pure form. i.e. (pure Ag.Hgip. This could be 
explained as follows : 
AgjMoO^ : Ag.,HgI^ mixed anion system was examined in an 
effort to find the effect of incorporation of larger radius guest Hgl_,' 
ion into Ag,MoO_, host matrix. Initially a small amount (10 mol%) of 
Ag,HgI^ was added into Ag,MoO_, bulk matrix. A substantial increase 
in the ionic conductivity at low temperatures was observed. With the 
further addition of Ag,HgI^ this increasing trend in the conductivity 
was observed in other solid solution of Ag2HgI_, : Ag.MoO^ viz 20:80; 
30:70; 40:60; 50:50; 60:40; 70:30; 80:20. But 30 mol^r Hgl^ 
substituted sample gave the maximum conductivity when compared 
to host compound. The log (CTT) versus 107T plots for some 
compositions are not shown in the Fig. 2.2 because of their identical 
behaviour with the preceeding or proceeded composition. 
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iO ' 'n (K- ' ) 
Fig. 2.2 : The temperature dependence of electrical 
conductivity of Ag^MoO^-Ag^Hgl^ system. 
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The enhanced cationic conductivity in the extrinsic region of 
conduction is attributed to the presence of larger radius guest H g l / ' 
ion into Ag^MoO^ host lattice matrix which tends to open up more 
space for the mobile (cations) Ag* ions to move freely through the 
MoO/- host lattice frame work. This suggests the dominant role of 
simple lattice expansion in facilitating the cationic mobility in this 
sytstem. A parallel behaviour is reported by S. Prabaharan et al. [39] 
elsewhere. The regular shift in the 29-values of all the X-ray patterns 
support the lattice expansion of Ag^MoO^. 
However, the enhancement in the conductivity can also result 
from an increased number of activated mobile ions or vacancies 
resulting from the weaker lattice bonding forces, known as lattice 
loosening in mixed anionic compositions [40]. 
Fig. 2.3 shows the variation of log CJT versus the composition 
of Ag2HgI^in AgjMoO^. Beyond 60 mol% of added Hgl^ composition 
the conductivity behaviour identical with the pure dopant may be due 
to the solid solubility of Hgl^ into MoO^ sublattice which is 
maximum in 30 mol% substituted Hgl^ and thus the further increase 
in the concentration of Hgl^ units shows the conductivity behaviour 
identical with that of the dopant in its pure form. In the X-ray 
patterns of 30 mol% substituted Ag^Hgl^, in addition to the lines of 
Ag.MoO^, new lines appear which indicate the solid solubility in this 
composition. Values of activation energy for ionic motion are given 
in the Table-2.1. In the low temperature range, the activation energy 
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Mol'/. o1 AgjHQl^ 
Fig. 2.3 The variation of log (aT) with mol% of Ag^Hgl, 
in AgjMoO^. 
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Table 2.1": Ionic Conductivity Activation Energy Values 
for Pure and Doped Ag^MoO^ and Ag^Hgl^ . 
Compounds 
Pure Ag,MoO^ 
Pure Ag,HgI^ 
10:90 
Ag.HgI^:Ag,MoO^ 
20 : 80 
Ag.HgI^:Ag,MoO_, 
30 : 70 
Ag,HgI^:Ag,MoO, 
40 : 60 
Ag,Hgl^:Ag^MoO, 
60 : 40 
Ag,HgI^:Ag,MoO^ 
70:30 
Ag,HgI^:Ag,MoO, 
12 moWc Na"^  doped 
A=Z0-80"C 
Temperature 
Range 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
Ag.Hgl, A 
B 
Activation 
Energy (KJ/mol) 
23 
33 
59 
110 
32 
96 
57 
121 
30 
81 
31 
85 
85 
77 
92 
61 
172 
31 
B = l 25-20 5«C 
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values for ionic motion are low upto 60 mol% Hgl^ dopant 
concentrations than in the high temperature range. Since E^ = 
AH + V2AH ,^ , , the high value of activation energy in the 
migiaiion deled formation ° 
high temperature range might be because of defect formation 
enthalpy contribution 
Thus in 30 mol% substituted Ag^Hgl^ solid solution there is a 
considerable enhancement in conductivity at the room temperature, 
though the high temperature conductivity is intermediate between 
those of the parent compounds. These investigations prompted us to 
study the effect of cationic substitution on the electrical conductivity. 
Here we selected sodium (Na" )^ ion as the guest cation in the host 
lattice of Ag^Hgl^ Na* has a small radius and lower mass (r^^^=116 
pm) than Ag^(r^ =129 pm). As expected, there was an increase in 
the conductivity with the introduction of a small size cation (Na*) 
into the host lattice. Initially a small amount (5 mol%) of Na* was 
added into Ag^Hgl^ which resulted in an increase in conductivity. 
The maximum conductivity was found for 12 mol% Na"^  substituted 
AgjHgl^. The partial replacement of the Ag* ions by smaller Na"^  
ions in the Ag^Hgl^ lattice tends to create more space for the easy 
movement of Na* ions through the Hgl^ lattice framework. Generally, 
in mixed cation compounds, the smaller cations are the better mobile 
ions [41]. Also with the incorporation of smaller radius Na"^  ion there 
is no distortion in the lattice of Ag^Hgl^ as was revealed by X-ray 
studies. 
5 7 
I O 
0.0 
1 A Q ^ H Q I ^ (Pure ) 
2 12 mol •/. Na*doped AQjHgl^ 
t o 
E 
u 
I 2.0 
o 
0* 
o 
-I 
3.0 
4.0 
5.0 
2 0 25 3 0 
10^ /T (K- ' ) 
3 5 4.0 
Fig. 2.4 • The temperature dependence of electrical 
conductivity of pure and 12mol9r Na' doped 
Ag^Hgl,. 
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The log (TT VS. lOVT plot for this system is given in the Fig. 
2.4. From this figure it can be seen that for Na"^  substituted Ag^Hgl^, 
two different linear regions are identified in the high temperature 
phase. Region I is associated with an activation energy 29kJmol ' in 
the temperature range 90-140''C can be taken as the extrinsic region 
of conduction in which all the carrier ions are free and the activation 
enthalpy is almost equal to the migration enthalpy. The region II 
from 140" to 205"C is the intrinsic region where conduction is 
determined mainly by thermally activated defects. In this Na"^  doped 
Ag.Hgl^, the high ionic conductivity in the high temperature phase is 
identical with the system known as NAISCON [42]. 
2.4 C O N C L U S I O N 
The studies on the ion conduction of Ag^MoO^ - Ag^Hgl^ 
system suggest a positive mixed anion effect. The best result is in 30 
mol% substituted Ag.Hgl^ and this effect is discussed interms of 
lattice expansion. Also effect of substitution of a small size cation 
on the conductivity is observed in Na"^  ion substituted Ag,HgI_,. Here 
the improvement in conductivity is attributed to the introduction of 
small sized Na* cation which occupies less space than the parent Ag* 
ion thereby creating easy pathways for the free movement of Na"^  
ions. Here it became apparent that substitution of a cation in a host 
lattice gives a remarkable increase in conductivity which is not so 
much as in an anion substituted system. 
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CHAPTER - 3 
Positive Mixed Anion Effect of 
Fast Ag+ ion Conductivity 
in Ag^WO, 
62 
3.1 INTRODUCTION 
The compounds like Li^SO^, LiNaSO^ and LiAgSO^ undergo a 
first order phase transition with the high temperature cubic phase 
exhibiting very high cationic conductivity. These high temperature 
phases are described as "Inorganic rotator phases". On this basis, the 
cationic mobility could be very much enhanced by the strongly 
coupled rotational motion of the translationally static SO^"^ ions. The 
strong coupling of the sulphate ion motion was attributed to 
insufficient space for free rotation [1]. This anion-rotation-assisted 
movement of cation can be referred as the "cogwheel" or "paddle-
wheel" mechanism of ion transport [2,3]. 
Recentl>, Gundusharma et al. [4] devised a critical test for the 
effectiveness of the anion-rotational mechanism by incorporating 
guest ions or vacancies in the SO^'" sublattice. They incorporated 
larger isovalent WO^^ in LiNaSO^. The WO^' ion was of lower 
rotational frequency and the SiO_,^  could be accommodated, either as 
excess cations on interestitial sites, or by SiO_,'' vacancies. This 
enhanced the Li"^  ion conductivity by a factor of 5. These results 
were in agreement with the parallel studies on Na^SO^ - based 
composition [5,6]. The enhanced conductivity results for Li^SO^ -
based and Na,SO^-based compositions gave a convincing 
experimental evidence, that the anion-rotation "paddle-wheel" 
mechanism does not contribute significantly to the high mobility of 
Li* and Na"^  ions. These conductivity data are consistent with the 
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lattice expansion accompanying the solid-solid phase transition and 
thus lend further support to the "free volume" basis for a percolation 
type mechanism, where intersite mobility would be enhanced either 
by simple physical sublattice expansion or by vacancies on normal 
anion lattice sites [7]. This observation leads us to study the 
electrical conductivity behaviour of AgjWO^, with the incorporation 
of MoO_,^  as the guest ion. 
Simple molybdates and tungstates contain discrete tetrahedral 
ions. MoO^' and WO^' in crystals. These tetrahedra are regular in 
alkali metal salts but distorted in salts of other cations. 
Like tungstates, molybdates also have tetrahedral geometry in 
aqueous as well as in solid state. Monomeric ions (MoO^') exist 
only in alkaline solution, however, in acidic solution complicated 
polymerization reaction occurs. 
Silver molybdate was first examined by Wyckoff by X-ray 
method [8], who found that crystals of substance possess spinel 
structure. However, he could not determine accurately the value of 
oxygen parameters at that time. Donohue and Shand [9] 
reinvestigated this crystal by using X-ray method for the 
determination of molybdenum-oxygen and silver-oxygen distance. 
The observed molybdenum-oxygen distance is 0.17A. shorter than 
the sum of the radii of molybdenum and oxygen. This shortening is 
of the same magnitude as was observed in other tetrahedral Xo^"'". 
The Ag-0 distance is 2.42A, shorter than the ionic radius sum of 
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2.46A[10]. 
It is well known that AgjMoO^ has a spinel structure [9] and 
generally a univalent metal molybdate will be isostructural with its 
analogous tungstate, but this does not appear to be the case for 
Ag.WO^. On one hand, the IR spectrum shows no strong absorption 
corresponding to tetrahedral co-ordination of tungsten (as observed 
in all other simple tungstates) [11] and on the other the unit cell, 
inspite of having a volume very similar to that of Ag,MoO_,, is 
orthorhombic. 
Although most of glasses have very low conductivity at room 
temperature, there has been considerable interest recently in glasses 
with high conductivity, both ionic and electronic. Glasses with ionic 
conductivity in the range of l O ' o h m ' c m ' at 25"C are mainly those 
containing mobile Ag"^  ions. They are made from mixtures of Agl and 
oxysalts of silver such as Ag.MoO^ [12] and Ag,AsOj. e.g.. a glass 
of composition 3AgI. Ag^MoO^ has a conductivity of 10- to 10 ' 
Scm ' at room temperature. These materials are of interest as novel 
solid electrolytes and have potential use in solid state batteries. 
Suba. K. et al. [13] studied the thermochemical investigations 
of solid state reactions in molybdate and tungstate systems. Their 
investigations as a result of TG. DTA. IR spectroscopy and XRD 
studies suggest the formation of mono-, di-. tri-. and tetra-. 
molybdates and tungstates in a solid state. 
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Johanasson et al. [14] investigated the hydration of tungstate 
and molybdate ions in aqueous solutions. Their study of the structure 
in aqueous solutions of the hydrated tungstate and molybdate ions, 
WO/' and M o O / was derived from large angle X-ray scattering 
measurements using MoO_,' as isomorphous substituted for W0_,-. 
The W(Mo)-0 bond lengths are 1.786A and do not differ from 
those found in crystal structures. A fairly well defined hydration 
shell of - l l H j O molecules surrounds the XO^' ions at a W(Mo)-H,0 
distance o f 4.06A. 
The intermediate-range structure of fast-ion conducting 
molybdate and tungstate glasses were studied by Swenson er al. [15]. 
They investigated the structures of two fast-ion conducting molecular 
glasses. Agl doped Ag^MoO^ and Ag-,WOj by neutron and X-ray 
diffraction. Both molybdate and tungstate glasses show a fast 
diffraction peak (FSDP) at very low Q-values (0.65A ' and 0.55A-' 
respectively) in the neutron data. However, only weak peaks are 
observed at similar Q-values in the X-ray data. 
This chapter therefore, presents the studies on doped Ag^WO^ 
in order to understand the effect of anion substitution on the 
transport behaviour of this system. Here the is ovalent MoO,"' ion of 
smaller radius was selected as guest ion to be introduced into 
Ag.WOj host lattice. 
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3.2 EXPERIMENTAL 
(a) Preparation ofAg^WO^ 
Silver monotungstate was prepared [16] by simultaneous 
precipitation from solutions containing stoichiometric amounts of 
reactants. Aqueous solutions containing mixtures of AgNO, with 
total metal ion concentration of about 0.5 M was added to a boiling 
solution of approximately 0.5 M Na^WO^ with constant stirring. 
Ag.WO^ obtained as white mass, was filtered and washed 10-15 times 
with double distilled water, dried thereby over porous plate in a 
thermostat at 60"C for two days. The chemicals used were analar 
grade obtained from E. Merck (India) Limited with a stated purity of 
99%. 
For the identification of the product. X-ray diffractogram of 
the product was recorded. The calculated d-values and intensities 
match well with the A.S.T.M. powder diffraction file [17]. 
(b) Preparation of Ag^MoO^ 
Ag^MoO^ was prepared [18] by the simultaneous precipitation 
from solutions containing stiochiometric amounts of reactants. 
Aqueous solution containing mixtures of AgNO, with total metal ion 
concentration of about 0.5M was added to a boiling solution of 
approximately 0.5M Na.MoO^ with a constant stirring. The white 
precipitate of Ag,MoO_, so obtained was filtered and washed with hot 
double distilled water repeatedly, dried thereby over porous plate in 
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a thermostat at 60°C for two days. The preparation was carried out in 
dark to avoid any photochemical reaction. The dried powder was 
finally ground in an agate mortar. X-ray diffraction studies showed it 
to be low temperature y-Ag^MoO^. The calculated d-values and 
intensities matched well with the A.S.T.M. powder diffraction file. 
[19] 
Different solid solutions were prepared by mixing Ag^MoO^ 
and Ag.WO^ in requisite composition in an agate mortar and heating 
at 200"C for 24 hours in a silica crucible with intermittent grinding. 
X-ray diffraction studies were carried out for the materials after the 
reactions were completed. The X-ray diffraction patterns were 
recorded by PHILIPS PW 1710 diffractometer with CuKa radiation 
under similar conditions for each sample. 
A detailed description of the conductivity measurements has 
been given in Chapter-2. The pellets for the conductivity 
measurements were prepared at a pressure of 4 tonnes/cm'. All the 
samples were annealed at 200"C for 12 hours before measurements to 
eliminate any grain boundary effect. 
3.3 RESULTS AND DISCUSSION 
The log CTT versus lOVT plots for undoped Ag,WO_, and 
different possible molar ratios of Ag,MoO^ : Ag.WO^ viz. 10:90; 
20:80; 30:70; 40:60; 50:50; 60:40; 70:30 and 80 : 20 are given in 
Fig. 3.1. From this figure it can be seen that all the doped samples 
show a remarkable increase in conductivity particularly in low 
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Fig. 3.1 The temperature dependence of electrical 
conductivity of Ag^MoO.-Ag^WO, system. 
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temperature range. Here the conductivity initially increases with an 
increase in the dopant, Ag2MoO^ concentration, approaching a 
niaximum value at 10 mol% substituted AgjMoO^ and thereafter, 
decreases monotonically. 
•- The small amount of the dopant, Ag^MoO^ (10 mol%) into the 
host lattice resulted in an increase in conductivity. A similar 
enhancement effect was anticipated for further additions of dopant 
concentrations in the host lattice of Ag2W0^. but could not be 
observed. Instead, an increase in dopant concentration decreased the 
conductivity monotonically which is also evident from the plots of 
log CTT versus mol% of the added Ag.MoO^ depicted in Fig. 3.2. 
However, a considerable increase in the conductivity even for a very 
small amount of dopant concentration was observed when compared 
to the host compound. All this may be explained as follows : 
The incorporated anion. MoO^^- jj, JQ jj^ g J^Q^J lattice of Ag^Wo^ 
will occupy a comparatively less available space because of its small 
size, thereby making the extra space available for the mobile cation 
(Ag^ ions). This ensures the easy movement of cations which in turn 
facilitate the increase in conductivity. However by the introduction 
of a "wrong" size ion in the host lattice, there may be a distortion in 
the lattice [20], which hinders the free rotation of the ions and can 
decrease the conductivity. But in this case by the introduction of 
MoO^' into the WO^' sub-lattice, the lattice stays undistorted which 
was revealed by the X-ray studies. The XRD patterns of all the 
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Fig. 3.2 : The variation ot log {ci) wim 
AgMoO, in Ag.WO,. 
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samples show all the lines corresponding to Ag.WO^. However, in 
the 10 mol% doped sample, one line corresponding to Ag.MoO^ is 
absent. Therefore, it is clear that the substitution of MoO^ ion in the 
sublattice does not distort the Ag^Wo^ lattice. 
The break in the conductivity for all the samples in the range 
303-373K may be due to the characteristic behaviour of the host 
compound. Ag^WO^ in this region. 
With the availability of additional vacancies created by MoO^ 
substitution in the host lattice, the Ag* ions move through the lattice 
with a high elementary hopping probability [21]. The increasing 
vacancy concentrations due to the substitution of MoO^' creates 
additional migration paths for Ag"". which in turn increases the 
conductivity. Upon further addition beyond 10 mol% MoO_j'. the 
mobilit} of Ag^ ion was reduced which may be due to vacancy 
interactions such as cluster formation and also cationic sublattice 
ordering [22]. 
As for the activation energies, two different linear regions are 
identified in the plots of log CTT versus 107T. Region I is associated 
with a higher activation energies and may be considered as the 
extrinsic region whereas the region II is associated with a lower 
activation energies and may be considered as the intrinsic region. 
The activation energy values for ionic conductivity are 
tabulated in Table 3.1. The MoO^'' doped samples have a low 
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Table 3.1 : Ionic Conductivity Activation Energy Values 
for Pure and Doped Ag^WO^ 
Compounds 
Pure Ag,WO, 
10:90 
Ag.Mo04:Ag,WO^ 
20 : 80 
Ag,Mo04:Ag,WO^ 
30 : 70 
Ag,Mo04:Ag,WO_, 
40 : 60 
Ag.Mo04:Ag,WO^ 
50 : 50 
Ag,Mo04:Ag,WO^ 
60 : 40 
Ag,Mo04:Ag,WO^ 
80:20 
Ag,Mo04:Ag.WO^ 
A=20-80"C 
Temperature 
Range 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
Activation 
Energy (KJ/mol) 
10 
46 
67 
49 
75 
51 
77 
52 
78 
54 
84 
55 
91 
81 
94 
82 
B = 125-205"C 
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Fig. 3.3 : Activation energy vs mol% of Ag^MoO^ for 
AgjMoO^-AgjWO^ system. 
74 
activation energy in the high temperature phase between 373-478k. 
The dopant ions produce a far greater number of defects than the 
defects produced by thermal excitation. Hence, the number of defect 
in the high temperature phase can be considered approximately 
constant and the activation energy (Ea) would correspond to the 
enthalpy of migration of ions in this region [23]. The higher 
activation energy values at the lower temperatures than at the higher 
temperatures and the monotonic rise in both temperatures as seen 
from Fig. 3.3 strongly suggests a number of contributing factors. 
However, the significant feature is the relatively constant Ea value 
50±3kJ mol"' in high temperature from 10 to 50 mol% Ag^MoO^ 
common with other binary systems [24,25]. This constant value in 
activation energy strongly supports a common conductivity 
mechanism as in a similar structure of mixed cation or mixed anion 
composition. 
3.4 C O N C L U S I O N 
From the above discussion it is concluded that the substitution 
of a small sized anion has a positive mixed anion effect on the 
conductivity of Ag^MoO^-Ag^WO^ system. The electrical 
conductivity and X-ray diffraction studies have shown that the 
system with 10 mo\9c MoO_,'" exhibits the highest Ag"^  ionic 
conductivity at room temperature. These materials are found to be 
extremely stable in the low temperature range. 
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CHAPTER - 4 
A Study of Fast Ion Transport 
in the Mixed CuI-Ag^WO^ System 
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4.1 INTRODUCTION 
Cul is a rather unique material in that both its ordered low 
temperature y-phase and disordered high temperature fast ion 
conducting a-phase have anion face centred cubic (fee) structures. In 
the y-phase Cu* ions sit on a fee sub-lattice shifted by ('-4, V*. VA) 
from the I sub-lattice, forming the zinc blende structure with space 
group FA'im. In the P-phase, which exists in the narrow temperature 
range between 642 and 680 K, Cul has a hexagonal structure, similar 
to wurtzite, with space group /jJml. At 680 K, it transforms back to 
a fee 1 sub-lattice with Cu* randomly distributed over the {VA. VA, VA) 
sites, space group Fm3m. the a-phase [1-5]. The melting point is 
873k. In all three crystalline phases, Cu* are tetrahedrally 
coordinated by I . Tracer diffusion experiments [6.7] show a low, yet 
significant, diffusion constant of order 10"^  cm' s ' in the y-phase. 
which rises by an order of magnitude to 10"^  cm' s ' in the P-phase 
and then to 3x10"-^  cm^ s ' in the a-phase. 
Cul has been regarded as a model system for studying the 
order-disorder transition in the sense that it involves modification of 
only the Cu^ sublattice (if the intervening P-phase is ignored). 
Despite a wealth of information on its structure [1-5]. lattice 
dynamics [8,9] and transport properties [ 6 , 7 ] , there are certain 
fundamental questions which remain a challenge to our 
understanding. 
To obtain-a useful microscopic description of such phenomena, 
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especially in the Copper(I) halides where anharmonicity is important, 
molecular dynamics simulation is one of the most powerful methods. 
However the central problem here is to derive a realistic potential, in 
the sense that the potential can reproduce the relevant experimentally 
determined quantities within acceptable limits (which are not always 
easy to define). The existing potential model for Cul developed by 
Vashista and Rehman [10] was successful in producing a y—>a 
transition, but the diffusion constants were much higher in both 
phases than the experimental values (the y-^P transition is prevented 
by the fixed simulation volume and shape used in the microcanonical 
ensemble). 
Zheng-Johansson [11] developed two body interatomic 
potentials for MD simulation of Cul that satisfactorily reproduce the 
experimentally determined Phonon density of states and diffusion 
constants in y-, | 3 - and a-phases. as well as various thermodynamic 
parameters such as the melting point. It is found that the diffusion 
constants are extremely sensitive to the exact potential chosen. There 
is also a strong evidence of cooperative diffusion in the y-phase. 
Villain et al. [12] investigated the electrical conductivity of 
Copper(l) Iodide between 50 and 450"C by a.c. measurements at 
different frequencies and four probe d.c. experiments. The resistance 
and the capacitance of the phase boundary Copper/Copper Iodide 
depend exponentially on temperature. The interfacial resistance is 
practically negligible in the a- and (3-phases. whereas the interfacial 
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capacitance is very high. The observed electrical conductivity is in 
good agreement with the electrochemical experimental values. 
Zheng-Johanson et al. [13] studied the ionic motion in 
molecular dynamics simulations of the a-, P- and y-phases of Cul. In 
the cubic y-phase, the Cu* ions have large anharmonic vibrations 
along (111) type directions, towards the face centres of tetrahedral 
edges defined by the neighbouring four I ions. However, the 
diffusion pathway is along (100) type directions, towards the edges 
of these cages. The diffusion mechanism involves a correlated motion 
of "chains" of several Cu* ions, which explains the experimental 
observation of a breakdown of the jump diffusion model. With 
increasing temperature, the number of diffusing "chains" also 
increases; interactions between these chains leading to a rapid 
increase in the diffusion rate and a transition to the fast ion 
conducting a-phase. In the hexagonal P-phase. Cu^ ions exhibit 
similar behaviour, they vibrate towards the cage faces but diffuse in 
the direction of the cage edges. However, the situation is more 
complicated because in th's structure two cages share a common 
face. This produces a complex behaviour where the average sites for 
Cu* ions are in the cage centres over shorter times, but in the 
(shared) face centres over long times. 
Keen et al. [14] studied the structural behaviour of Cul 
between room tempertaure and its melting point (878K) using 
neutron powder diffraction. Detailed measurements were made in the 
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.vicinity of two known structural phase transitions y-^P and P->Y, 
which are observed at 643±2K and 673±8K. Within the zinc-blende 
structured y-phase (space group F43m) increasing disorder of the 
Cu"^  ion sub-lattice is observed as the temperature approaches the 
y->P transition, in addition to a non-linear thermal expansion. The 
hexagonal P-phase (space group P3ml) is observed as a single phase 
in the temperature range 645-668K, but on first heating it is found to 
coexist with a rhombohedral phase. This transient phase was 
observed in isolation for only a short time but this was sufficient to 
show that its structure was that of CuI-IV (Space group R3m). which 
had only been observed earlier at elevated pressures. The high 
temperature phase a-CuI has Fm3m symmetry, with Cu^ ions 
distributed randomly over all the tetrahedral sites with the cubic-
close I-sublattice. 
During the studies on the preparation and conducting ion 
properties of the Cu ion conducting glasses, some workers [15] faced 
a problem by the spontaneous disproportionation of Cu* to Cu" and 
Cu*' during melting. However, the ESCA spectrum indicated that Cu'' 
ions in the glasses existed only as Cu* ions. 
This investigation has been undertaken with the primary 
objective of identifying the best conducting composition in the mixed 
system CuI-Ag^WO^ through a detailed transport study. 
Earlier studies [16] showed the existance of only a single form 
of silver mono-tungstate (AgjWO^). silver di-tungstate (Ag,W,0^) 
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and silver tetratungstate (Ag^W^O,^). However, later it was reported 
that the monotungstate might exist in more than one form [17]. 
Samples of Ag^WO^ were percipitated [18] at (a) 85-90"C and 
(b) 0-5"C while maintaining the pH in the range 8-10 through out the 
precipitation. The X-ray differaction patterns of these materials 
showed them to be different. The two different crystallographic 
forms were designated as a- and p- phases, respectively. Both had 
compositions corresponding to Ag^WO^. The X-ray diffraction 
pattern of the a-form resembles with those reported by Takahashi er 
al. [19] and by Bottelberghs [20]. The crystal structure of this 
compound has been determined by Skarstad and Geller [17] who 
have shown that the compound is best represented as Agj^ W^Oj^ .^ In 
the polyanion (W''0'^)* the tungsten atoms are coplannar and each is 
octahedrally co-ordinated to oxygen atoms. The oxygen octahedron 
share certain edges, while the silver ions were found in four different 
types of co-ordination. 
Unit Cell Dimensions : 
Lattice Parameters AgjWO^ 
(Ortho Rhombic) 
a/A 10.89 
b/A 12.03 
C/A 5.92 
U/A"'i 7.76 
Space group Pn 2n (C , J 
The three polymorphic froms of silver tungstate have been 
reported more recently by Berg et al. [21]. a-Ag,WO^ is 
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orthorhombic space group Pn 2n, with a 10.820, b 12.018 and C 
5.900A. P-AgjWO^ is hexagonal with space group P6, or P6,/m, with 
cell dimension a 11.0925 and C 7.5242A. y-Ag.WO^ is cubic with 
space group Fd3m, spinel type with a 9.352A. 
4.2 EXPERIMENTAL DETAILS 
(a) Preparation of Cut 
Cuprous iodide was prepared from aqueous solutions of copper 
sulfate and potassium iodide by precipitation method for which the 
details ae given in Chapter-5. 
A detailed report for the preparation of Ag^WO^ is given in 
Chapter-3. 
The CuI-Ag2W0_, mixtures were prepared by taking appropriate 
mole percents of the two starting materials, namely Cul and Ag,WO_,. 
The powder mixtures were ground thoroughly in an agate mortor and 
collected in a silica crucible which is then kept inside a thermostat 
and sintered at 200''C for 24 hours. The resulting material after 
cooling was used for further studies. 
(b) Conductivity Measurements 
In order to measure specific conductivity as a function of 
temperature, the sample powders were pressed into pellets of 2.5 cm 
diameter and 0.1 cm thickness at a pressure of about 2 tons [22], 
with the help of Spectra Lab Press (Model SL-89). Pellets were 
found to be of the same colours as the original powders. However. 
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higher pressures were found to cause uneven darkening in the pellets 
and lead to higher transition temperatures. Before making 
measurements, samples were cycled to above and below the transition 
temperature two or three times in order to relieve strains and improve 
their homogeneity. 
It was then placed between two discs of platinum foil. 
Adequate electrical contact between the platinum and the pellets was 
ensured by placing the pellets and the platinum discs between two 
copper plates, to which leads were attached, held iightl> together by 
placing a fixed weight. This assembly was then placed inside a 
thermostat. The temperature was brought to the desired level and 
kept there for about 15 minutes to ensure that equilibrium had been 
reached. A Gen Rad 1659 RLC Digi Bridge with the frequency range 
100 Hz-10 KHz was employed for measuring conductivity. Possible 
impedence contribution from external connection cables and pellet 
mounting devices were corrected by using its built-in 'short' and 
'open' calibration facility. Determinations of conductivity were made 
over the range 25 to 200°C. Possible volume expansion of the pellets 
was not monitored and the thickness measurements of the pellets 
were performed after the sintering. 
4.3 RESULTS AND D I S C U S S I O N 
The temperature dependence of the ionic conductivity is given 
by the Arrhenius expression. 
(J = ne^ X-vy/kT exp (-AG*/kT) 
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= ne'X'vy/kT exp (AS*/k - AH*/kT) 
where n is number of ions per unit volume, e the ionic charge. X the 
distance between two jump positions, k the Boltzmann constant and 
AG*, AS* and AH* are activation free energy, entropy, and enthalpy 
terms. The equation can be written in a simpler form as 
aT = Oj, exp (-E^/kT) 
where CT^, = ne^ A,^ uY/k exp (AS*/K) and AH* = E^; i.e. the activation 
enthalpy equals the experimental activation energy for ionic motion, 
which may include a defect formation enthalpy contribution. 
The plots of log CTT versus lOVT for the system CuI-Ag,WO^ 
are given in the Fig. 4.1, for the different compositions viz. 10. 20, 
30, 40, 50 & 60 mol% Cul. In all cases it is observed that the 
conductivity is intermediate between those of the parent compounds 
except in a particular case of 20 : 80 mol% of CuI-Ag,WO^. where it 
shows the maximum conductivity especially in the low temperature 
range. In all the compositions, the conductivity increases with an 
increasing concentration of Cul, which may be due to the high 
conductivity of Cul. For the composition 50 mol% Cul. a sharp jump 
in conductivity at 423K is observed which may be due to Agl (|3—>a 
transition) predominant in the reaction. In 10 and 30 mol^'r of Cul, 
plots do not follow Arrhenius equation rather an inconsistant 
behaviour is observed. But at all other compositions, Arrhenius 
equation is followed. In the 40 mol% Cul, the XRD spectra reveal 
weak peaks of Agl and therefore the increased conductivity here may 
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Fig. 4.1 : The temperature dependence of electrical 
conductivity of CuI-Ag^WO^ system. 
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be due to both Agl as well as the formation of a possible newphase. 
This suggests the exceptional behaviour of the 20 mol% Cul 
system, which may be due to the high mobility of Ag* ion in the 
disordered lattice, as re.vealed by the X-ray patterns and hence the 
high conductivity of this phase. 
Fig. 4.2 shows the room temperature conductivity-composition 
curve of the CuI-Ag^WO^ system for a series of compositions. This 
curve shows a maximum conductivity which is less than reported 
elsewhere[23] for a composition of 20 mol% Cul. Since the value of 
conductivity is higher than the parent compounds, an indication of 
the formation of a new intermediate phase is inferred to. This can be 
explained as follows: 
Solid Cul can react with Ag^WO^ to give a mixture of (Cu. Ag) 
WO^. Ag.WO^ and Agl as proposed by the following solid state 
reaction : 
Cul + 4Ag2WO, -^ (Cu,Ag) WO4 + 3Ag,W0, + Agl 
which is similar to the reaction proposed by Rivolta et al. [24] for 
the system CuI-Ag^AsO^. 
The higher conductivity in the system with 20 mol% Cul may 
not be due to Agl formed in the above reaction. Because in such a 
case the higher concentrations of Cul in Ag,WO^ must show the 
higher conductivity which was not found. 
Hence the proposed reaction is complete when Cul was 20 
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89 
mol% and the amount of the reaction product Agl may be reduced by 
the increase of Ag^WO^ and possibly because the amount of the new 
compound (Cu, Ag) WO^ is increased. Thus the high conductivity 
may be due to the (Cu, Ag) WO^ which is formed only in 20 mol% 
Cul compositions. However, it has been shown that the different 
reactions of the same compounds react in solid state in different 
ways to give different products [25]. Hence, it is not necessary to 
have the same product, viz. (Cu, Ag) WO^ in all the compositions of 
CuI-AgjWO^ system. 
The activation energy values for ionic motion for all the mixed 
compositions are given in the Table 4.1. The 20 mol% Cul 
composition shows an appreciably low activation energy. This may 
be due to the fact that the lattice disordering occurs that lowers the 
activation energy. 
Thus from the above results it is clear that a new compound 
with a disordered structure is formed in the compositions containing 
20 mol% Cul. 
The X-ray studies are carried out for all the samples. In the 20 
mol% Cul sample, the XRD peaks are ill defined and very broad 
which is characteristic of a disordered phase. 
Many compounds of the type (Cu Ag) WO^ like, (Cu Ag) Hgl^ 
are shown to have exceptionally high conductivity [26]. The high 
electrical conductivity of (Cu Ag) WO^ can also be interpreted in 
terms of the mixed cation effect observed in these compounds. 
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Table 4.1 : Activation energy values of CuI-Ag^WO^ 
system. 
Compounds Activation Energy 
(e.V.) 
Pure Ag.WO^ 0.0992 
10 mol% Cul 0.136 
20 mo\9c Cul 0.041 
30 mol^f Cul 0.683 
40 mol^f Cul 0.083 
50 mol7f Cul 0.863 
60 mol7f Cul 0.722 
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The partial replacement of the host Ag^ ion by the Cu^ ion in 
Ag^WO^ lattice causes an increase in number of activated mobile Ag* 
ion and higher jump frequency resulting from the weaker lattice 
bonding forces in mixed cation composition [27]. 
4.4 CONCLUSION 
From the above carried out studies it can be concluded that a 
nevi' disordered phase with an exceptionally high Ag"^  ionic 
conductivity is formed in the 20 mol% CuI-Ag,WO_j system. The 
high electrical conductivity of this new phase (Cu. Ag) WO^ is due to 
the mixed cation effect which is established in these type of 
compounds. These materials are found to be very stable in the 
temperature range 293-478K and may have a good application for 
electrochemical devices. 
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CHAPTER - 5 
Transport Properties of Cul-
Ag^MoO^ Fast Ionic Conductors 
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5.1 INTRODUCTION 
Silver-based glasses have been found to exhibit excellent ionic 
conductivity at ambient temperatures [1]. Such fast ionic conducting 
(FIC) glasses have therefore been considered as potential candidates 
for solid state microbatteries and other device applications [2,3]. 
Various silver-based FIC glasses have been synthesized with the 
general formula Agl-Ag^O-M^O^ (where M = Mo, B, P, V etc. in 
ternary systems) or AgI-Ag,M O (where M = Mo, Se etc. in 
pseudobinary systems). All these glasses have silver ion conductivity 
of the order of 0.01 Scm ', and the conductivity strongly depends on 
the concentration of Agl. To understand the origin of such high 
silver ion conductivity of these glasses, structural information at the 
molecular level is needed. Several transport models have been 
proposed based on hypothetical microstructure with little 
experimental support [1,4] and a satisfactory transport theory 
supported by clear experimental evidence has not so far been 
achieved. 
The presence of tetrahedrally co-ordinated molybednum has 
been noted in a number of studies such as infrared spectroscopy. 
XANES and EXAFS in Agi-Ag^O-MoO, glasses [5.6]. Similar 
tetrahedral anion framework has been reported in other silver ion 
conducting glasses such as Agl-Ag^O-P^O,. The network structure in 
such glasses is not modified by the addition of silver halide [7]. 
Minami [8] postulated the existence of two distinct populations of 
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silver ions in these glasses, namely the mobile silver ions associated 
with Agl. which are responsible for high ionic conduction, and the 
immobile silver ions linked with oxy-anionic species in the glasses. 
The ion exchange experiments and acoustic attenuation studies have 
supported the possible presence of non-equivalent Ag"^  sites [9.10]. 
However, the NMR investigations by Martin et al. [11] contradict the 
concept of two types of Ag"^  ions. They could detect distinct Ag^ ion 
populations only at low temperatures. Further the ""'Ag chemical 
shift measurements by Villa et al. [12] suggest that ail Ag* ions are 
structurally equivalent. Recently the far infrared study by Kamitsos 
[13] suggested that silver ions actually occupy several different types 
of sites, atleast two types of "oxidic" and one "iodidic" site. 
The high ionic conductivity in Agl- containing glasses is often 
attributed to the presence of frozen a-AgI structure in glasses. 
Shiraldi et al. [14] argued that the supercooled a-AgI phase is 
somehow stablized by the "hard" oxyanionic glass framework. 
Malugani et al. [15] found that in MI,-AgPO, (M=Cd. Hg. Pb). the 
introduction of Ag"^  in the form of Agl rather than as AgPO, caused 
a rapid increase in the conductivity. Here the conductivity rise is 
attributed to the formation of Agl due to the exchange of Cd'* or 
Pb'* with Ag* ions and formation of a-Agl-like structures in glasses. 
The ionic conduction behaviour in glasses in general has been 
addressed using a cluster-tissue model [16.17] in which the structure 
of glass is visualized as being composed of clusters of slightly higher 
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density and positional ordering of constituent atoms connected by a 
tissue material of lower density and greater disorder. The 
conductivity in clusters is considered higher than in tissue, and 
conductivity enhancement is explained through the increased 
interconnection between highly conducting clusters, which provides 
a continuous path for the ion migration. However, according to 
Ingram et al. [18] preferred pathways for migration of silver ions lie 
well within the amorphous tissue region. 
Rao and Karthikeyan [19] made a molecular dynamics study on 
the structure and dynamics of silver ion conducting Agl-Ag^MoO^ 
glasses over a wide range of compositions and identified Agl like 
aggregates only in Agl rich glasses. Increase in silver ion 
conductivity was seen with an increase in Agl content in glass. The 
dynamics of ion transport suggests that Ag"^  ion transport occurs 
largely through paths connected by silver ion sites of mixed iodide-
oxide co-ordination. 
In recent years, significant work has been carried out on Agl-
silver oxysalts and some of these show glass-type structures with 
high ionic conductivity at ambient temperatures [20. 21]. From the 
practical point of view, many works concerning replacement of Ag* 
ions in Agl by Cu" ions have been published because of the fact that 
Cul possesses structural properties similar to Agl and is less 
expensive than Agl [22]. Rivolta et al. [23] have reported that it is 
possible to obtain silver ion conductors in the Cu-Ag,PO^ system 
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which was later on confirmed by a detailed transport, structural and 
thermal studies carried out by Gogulamurali et al. [24]. 
Vishwanathan et al. [25,26] carried out the impedance, 
modulus and transport studies on the mixed Cul-Ag^MoO^ system 
over the temperature range 293-393K. They observed that the 
conductivity spectra could be attributed to Jonscher's power law 
dependence and impedance spectra have enabled the separation of 
bulk properties from electrode effects. The modulus spectra have 
exhibited a long tail pattern in the low frequency region and a 
tendency to peak at higher frequencies thereby suppressing the 
electrode effects at low frequencies in the modulus formalism. The 
occurrence of fast ion transport due to silver ion migration in several 
such mixed systems has been explained on the basis of "hard and 
soft acids and bases" principle and ion exchange chemistry. 
These reports inspired us to carryout the investigations on the 
CuI-Ag,MoO^ system with the primary aim of identifying the best 
conducting composition. 
5.2 EXPERIIVIENTAL 
{a) Preparation of Samples 
» 
Silver molybdate was prepared as a solid specimen following 
the methods suggested by Ricci et a/.[27] using analar grade 
Na.MoO^ and AgNO, as starting materials. 
Cuprous iodide was prepared using analar grade copper sulfate 
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and potassium iodide by the precipitation method in an aqueous 
solution. The precipitate so formed was washed with an aqueous 
solution of sodium thiosulfate to remove the iodine liberated during 
the process. The precipitate was then washed several times with 
doubly distilled water before being dried in an oven. 
Various compositions of the mixed system CuI-Ag^MoO^ 
containing 10, 20, 30. 40, 50, 60, 70, 80 and 90 mol% Cul 
respectively were synthesized by solid state reaction from well 
powdered reactants. Appropriate amounts of Cul and Ag.MoO^ were 
initially taken and ground in an agate mortor. These polycrystalline 
mixtures were taken in a silica crucible and annealed at 200"C for 24 
horus in a thermostat. Solid samples thus obtained were used for X-
ray studies and electrical conductivity measurements. 
(b) Conductivity Measurements 
Pellets for the conductivity measurements were prepared by 
pouring different molar mixtures of the reactants into a stainless 
steel die pressed at a pressure of 4 tonnes/cm' with the help of a 
hand driven hydraulic press. The pellets had an area of 4.524 cm-
and thickness of 0.1cm. All the samples were annealed at 200"C for 
12 hours, before measurements, to eliminate any grain boundary 
effect. A detailed description of the conductivity measurements has 
been given in Chapter-2. 
X-ray diffraction studies for the solid samples were carried out 
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by PHILIPS PW 1710 diffractometer with CuK radiation under same 
conditions for every sample. 
5.3 RESULTS AND DISCUSSION 
Fig. 5.1 shows the log aT versus 1/T plots for a series of 
compositions of the mixed system CuI-Ag^MoO^. viz.. 10, 20, 40, 
50. 80 and 90 mol% of Cul respectively carried out in the 
temperature range 293-478k. All the plots satisfy the Arrhenius 
equation : 
aT = CTO exp (-Ea/kT) ....(5.1) 
Where CTO is the pre-exponential factor, T is the absolute temperature 
and k the Boltzmann constant. 
It can be observed from the Fig. 5.1 that the s>stem with 50 
mol^f Cul shows the maximum conductivity which is appreciably 
higher than the parent compouns Cul and Ag-,MoOj. For the 
compositions with 10, 20 and 30 mol% Cu, the conductivity curves 
are almost of the same nature showing an increase in conductivity 
with the increasing temperature. In all the compositions there is a 
jump in conductivity at around 423k which may be due to the 
characteristic transition temperature(P^^a) of Agl. formed as one of 
the reaction products. The proposed reaction in the solid state for the 
system CuI-Ag^MoO^ may be written as : 
Cul + Ag.MoO, ^ (Cu, Ag) M0O4 + Agl ....(5.2.) 
which is inconsonance with the reaction proposed by Vishwanathan 
etal. [25]. 
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Fig. 5.1 : The temperature dependence of 
conductivity of CuI-Ag^MoO^ system. 
electrical 
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(Cu.Ag) M0O4, possibly a new compound formed in the above 
reaction with a disordered structure may be responsible for the 
enhancement in the electrical conductivity in the case of 
compositions containing 40 and 50 mol% of Cul. Further increase in 
the concentration of Cul results in the decrease in conductivity 
which may be due to the formation of some other low conducting 
substances in addition to (Cu, Ag) MoO^ and Agl. 
In samples having low concentration of Cul. there is also an 
increase in conductivity than the parent compounds which may be 
attributed to the formation of (Cu,Ag) MoO^ by the higher 
concentration of Ag,MoO_, that may reduce the amount of Agl 
appreciably. 
The electrical conductivity versus the mol% of Cul in the 
system CuI-Ag^MoO^ is depicted in Fig. 5.2. Here the curve shows a 
maximum conductivity value for a composition of 50 mol% of Cul 
and 50 mol% Ag^MoO^. As this conductivity value is higher than that 
of the starting materials, i.e., Cul and Ag^MoO^. the possibility of 
the formation of new intermediate compound. (Cu. Ag)MoO^ at this 
composition can be concluded. 
Thus the best conductivity observed in the case of 50 mol% 
Cul can be attributed to the possible disordered phase which is 
revealed by the x-ray studies. The XRD patterns obtained for the 
substance with 50 mol% Cul is found to be quite broad and 
featureless, thus indicating its amorphous nature. Also the diffraction 
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Fig. 5.2 : The variation of log (aT) with mol9r of Cul in 
Ag^MoO, system. 
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Table 5.1 Activation Energy for Ionic Motion for the 
Mixed System CuI-Ag^MoO^ 
Composition Activation Energy 
(KJmoI ') 
10 mol% Cul 80.62 
20 mol% Cul 45.95t 
30 mol% Cul 46.80 
40 mol% Cul 43.39 
50 mol% Cul 38.29 
70 mol% Cul 58.35 
80 mol% Cul 43.76 
90 mol% Cul 47.13 
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peaks corresponding to both Ag^MoO^ as well as Cul are absent in 
all the observed X-ray diffraction patterns. Furthermore the gradual 
shifts in d-spacings corresponding to most intense lines occurs as the 
AgjMoO^ content increases. The appearance of small new lines also 
confirms the formation of new phases. 
The activation energy values for silver ion migration calculated 
from the plots are given in the Table 5.1 The best conducting 
composition, which has a composition of 50 mol% Cul. is found to 
have the lowest activation energy. 
From the above results, it is clear that CuI-Ag.MoO^ material 
with 50 mol% Cul acts as a fast ionic conductor with properties 
similar to that of silver ion conducting solid electrolytes in the 
system AgI-Ag,MoO_, [28]. 
5.4 CONCLUSION 
The present study on the mixed system Cul-Ag.,MoO_, has 
indicated the formation of chemically stable fast ion conductors with 
high electrical conductivity at ambient temperatures. It has been 
observed that the 1:1 molar ratio of Cul : Ag.MoO^ exhibits the 
highest silver ion conductivity. The investigations suggest that these 
Ag"^  based fast ion conductors are found to be extremely stable in 
the temperature range 293-478K. 
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